ABSTRACT SNR1 is an essential subunit of the Drosophila Brahma (Brm) ATP-dependent chromatin remodeling complex, with counterparts in yeast (SNF5) and mammals (INI1). Increased cell growth and wing patterning defects are associated with a conditional snr1 mutant, while loss of INI1 function is directly linked with aggressive cancers, suggesting important roles in development and growth control. The Brm complex is known to function during G 1 phase, where it appears to assist in restricting entry into S phase. In Drosophila, the activity of DmcycE/CDK2 is rate limiting for entry into S phase and we previously found that the Brm complex can suppress a reduced growth phenotype associated with a hypomorphic DmcycE mutant. Our results reveal that SNR1 helps mediate associations between the Brm complex and DmcycE/ CDK2 both in vitro and in vivo. Further, disrupting snr1 function suppressed DmcycE JP phenotypes, and increased cell growth defects associated with the conditional snr1 E1 mutant were suppressed by reducing DmcycE levels. While the snr1
C HROMATIN modification by ATP-dependent multi-
Drosophila Brm complex, identified on the basis of its protein complexes is important for developmental requirement for the maintenance of homeotic (HOM) regulation of gene expression and cell cycle control.
gene expression (Kennison and Tamkun 1988; TamThe SWI/SNF complex, originally identified in yeast on kun 1995), is essential for proper development as mutathe basis of its requirement for transcriptional induction tions in several Brm complex genes give rise to a broad (Winston and Carlson 1992) , is among the best charrange of developmental defects. Targeted gene knockacterized (Kingston et al. 1996 ; Kingston and Narlikar outs of Brg1 and hBrm complex components revealed 1999). The SWI/SNF complex contains 11 stable subunits similar essential roles in early murine development and is required for the expression of a diverse, though (Sumi Ichinose et al. 1997; Reyes et al. 1998 ; Bultman limited, set of yeast genes (Sudarsanam and Winston et al. 2000; Klochendler-Yeivin et al. 2000; Guidi et 2000) . Complexes highly related to SWI/SNF have been al. 2001 ). identified and purified in yeast (RSC complex; Cairns Largely on the basis of genetic evidence, the yeast et al. 1996) , flies [Brahma (Brm) complex; Papoulas SWI/SNF and RSC complexes have been implicated in et al . 1998 ] and mammals (Brg1 and hBrm complexes; aspects of cell cycle regulation (Cao et al. 1997; Krebs Imbalzano et al. 1994; Wang et al. 1996) . While the et al. 2000) . In mammals, the Brg1 and hBrm complexes biochemical properties of the yeast and mammalian physically interact with the Retinoblastoma (RB) pro-SWI/SNF complexes have been studied in considerable tein that is essential for both transcription regulation detail, their biological function in metazoan development and growth arrest (Muchardt and Yaniv 1999) . Moreis less well understood.
over, exit from G 1 and S phase has been linked to represThe yeast SWI/SNF complex, though not essential for sor complexes containing Brg1/hBrm, histone deacetygrowth, is important for both gene activation and represlase (HDAC), and pRB (Zhang et al. 2000) . In addition, sion (Dimova et al. 1999; Sudarsanam et al. 2000) . The the hBrm complex dissociates from mitotic chromosomes, perhaps in response to specific phosphorylation events Sif et al. 1998) . Although a specific 1 Present address: Department of Cell Biology, Emory University School cell cycle kinase has yet to be identified as a direct effector of Medicine, Atlanta, GA 30322.
of Brg1/hBrm complex function, CyclinE/CDK2 has been 2 cated in a variety of cancers. The first direct genetic downregulated in G 1 arrested cells (Richardson et al. 1993; Sauer et al. 1995) . A loss-of-function mutation in evidence for SWI/SNF function in tumor suppression came from studies showing specific inactivating mutathe Drosophila cdc2c gene (cdk2) enhanced the rough eye phenotype of homozygous DmcycE JP , a hypomorphic tions in INI1/hSNF5 were strongly correlated with the majority of malignant rhabdoid tumors (Versteege et allele of cyclin E, due to diminished S-phase cells posterior to the morphogenetic furrow, revealing that functional al. 1998; Sevenet et al. 1999b) and they are frequently found in chronic myeloid leukemia (Grand et al. 1999) .
DmcycE/CDK2 dimers were important for normal S-phase regulation in Drosophila (Secombe et al. 1998) . In confirmation, chimeric mice harboring INI1/hSNF5 knockout alleles were strongly predisposed to develop Mutations in Brm complex genes were isolated as dominant suppressors of the S-phase defects associated nervous system and soft tissue sarcomas that were strikingly similar to the human rhabdoid tumors (Klochen- with DmcycE JP without affecting DmcycE protein levels . Similarly, genetic screens for moddler-Yeivin et al. Roberts et al. 2000; Guidi et al. 2001) and controlled inactivation of INI1/hSNF5 leads to ifiers of dE2F1/dDP function identified components of the Brm complex as enhancers of the rough eye rapid development of aggressive tumors and T cell lymphomas with complete penetrance (Roberts et al. 2002) .
phenotype caused by overexpression of dE2F1/dDP in the eye disc without affecting the expression of some INI1/hSNF5 can be directly recruited to the cyclinD1 promoter where it represses transcription in association known dE2F1/dDP target genes (Staehling-Hampton et al. 1999) . Together, these studies suggested that the with a histone deacetylase (Zhang et al. 2002) . Moreover, Cyclin D1 is overexpressed in atypical teratoid and Brm complex, in parallel with Drosophila RBF, might restrict entry into S phase through effects on chromatin malignant rhabdoid tumors (AT/RT) linked to loss of heterozygosity at the INI1/hSNF5 locus. Reintroduction independent of gene-specific transcription. Heterozygous null mutations in the Drosophila snr1 of INI1/hSNF5 into AT/RT derived tumor cell lines results in flat cell formation and G 1 cell cycle arrest (Ae gene, which encodes an essential component of the Brm complex and is a direct ortholog of INI1/hSNF5, et al. 2002; Reincke et al. 2003) . The growth inhibition is pRB dependent and is associated with decreased expartially suppressed the rough eye and wing phenotypes associated with DmcycE JP (Secombe et al. 1998 ; Brumby pression of a subset of E2F targets (Versteege et al. 2002) with a corresponding increase in expression of et al. 2002) . Expression of an SNR1 truncation (SNR1-2) that removed highly conserved C-terminal residues aug-P16
INK4a that is typically elevated in senescent cells (Betz et al. 2002; Oruetxebarria et al. 2004) . These tumor mented the suppression. These and other data suggested that the Repeat 2 region of SNR1, cell studies using INI1-deficient cell lines suggested that INI1 acts as a potent regulator of entry into S phase, highly conserved within all SNF5-family proteins including INI1, might function to help restrain the growthwhich may account for its potent tumor suppressor properties. The mammalian hBRM and BRG1 genes are promoting activities of the Brm complex. Confirmation of this hypothesis has come from analyses of our recently frequently downregulated or mutated in malignant cells derived from a variety of tumors originating in the bladisolated temperature-sensitive conditional allele of snr1 that affects a single amino acid residue in the Repeat 2 der, lung, and prostate (Wong et al. 2000; Reisman et al. 2003) , as well as breast cancer cell lines (Decristoregion. The snr1 E1 allele functions as a weak antimorph, with temperature-dependent phenotypes including ecfaro et al. 2001) . Moreover, BRG1 physically complexes with BRCA1 involved in most breast cancers (Bochar topic wing veins and increased cellular growth as a consequence of increased cell division (Marenda et al. 2003 (Marenda et al. ). et al. 2000 , while ETS-2 and the Brg1 complex form a corepressor to negatively regulate the BRCA1 promoter These phenotypes are sensitive to snr1 gene dosage and are enhanced or suppressed by mutations in other Brm (Baker et al. 2003) .
In general, the control of entry into S phase is quite complex genes, revealing functions for SNR1 in directly regulating aspects of Brm complex activity. similar between mammals and Drosophila. In flies, cyclin E (DmcycE) partners with CDK2 (DmCdc2c) to regulate
The tumor suppressor properties of INI1/hSNF5 raised the possibility that the snr1 E1 conditional phenothe transition from G 1 to S phase, with DmcycE being both rate limiting and sufficient (Knoblich et al. 1994;  types reflected disruption of cell cycle control at the G 1 -S boundary and/or transcriptional misregulation of ; however, DmcycD does not appear to have an essential role in G 1 -S progression, but Brm complex target genes. As the SNR1 and INI1 subunits can mediate contacts between their respective Brm instead promotes cellular growth Meyer et al. 2000) . During the early syncytial stage of complexes and a variety of cellular factors, including transcription factors and retrovirus-encoded proteins, embryogenesis prior to cellularization, nuclei rapidly cycle through replication and mitosis with no intervening and mutations in both snr1 and INI1/hSNF5 exhibit cell proliferation defects, it appears likely that SNR1 and G 1 or G 2 phases, and (type II) DmcycE/CDK2 is required for progression through these S phases (Edgar and INI1 may function within their respective Brm (SWI/ SNF) complexes to regulate chromatin remodeling ac- Lehner 1996) . Following the introduction of a G 1 phase into the cell cycle after mitotic cycle 16, DmcycE is tivities that are important for normal cell growth. Our SNR1 Regulates Brm Complex Functions were collected, fixed, and immunostained with affinity-puristudy addresses this possibility by taking advantage of fied SNR1 antibodies as described in Dingwall et al. (1995) .
the ability to dominantly enhance and suppress the and posterior to the L5 longitudinal vein, and overCdk2-myc using a da-GAL4 driver (Meyer et al. 2000) . Extracts expression of an SNR1 derivative (SNR1-2) lacking the were precleared with protein G-Sepharose and then incubated with primary affinity-purified rabbit polyclonal ␣-SNR1 (Zraly C-terminal 109 amino acids results in L2 wing vein disrupet al. 2002) . Protein complexes were precipitated using protein tions , suggesting an important role (Sturtevant and Bier 1995; Bier 2000) . the G 1 -S portion of the cell cycle (Zhang et al. 2000) . The ability of INI1 to repress cyclin D1 transcription in cultured mammalian cells is dependent on recruitment enter S phase, resulting in rough eyes and mild wing of HDAC1 (Zhang et al. 2002) ; thus, it has previously notching (Secombe et al. 1998) . Mutations in Brm combeen suggested that the Brm complex may assist in diplex genes, including null alleles of snr1, specifically suprectly repressing DmcycD expression during late G 1 phase. press the DmcycE JP phenotypes through restoration of G 1 -S In Drosophila, altered expression of DmcycD, using eiprogression in the eye imaginal disc cells without affecting ther a small deficiency ( Figure 2B ) or genomic duplicaDmcycE protein levels; thus, the Brm complex appears to tion, revealed no significant wing patterning phenofunction genetically in G 1 by helping to regulate entry into types (our unpublished data) and had no detectable S phase downstream of DmcycE . We effect on the snr1 E1 wing phenotype ( 1998; Brumby et al. 2002) , the ability of DmcycE Hdac1/rpd3 exhibited modest enhancement of the snr1 E1 mutations to suppress the appearance of ectopic veins phenotype, while alleles of Hdac3 strongly enhanced associated with snr1 E1 may be a consequence of reduced the appearance of ectopic veins (Table 2) . Thus, it apnumbers of cells completing mitosis.
pears that snr1 may cooperate with HDACs in blocking Cyclin E is the regulatory subunit of the CycE/CDK2 or restricting the expression of genes involved in vein heterodimer, CycE/CDK2 is both necessary and sufficell determination. A strong amorphic allele of brm supcient for entry into S phase in Drosophila, and CDK2 pressed the interaction between snr1 and Hdac alleles is encoded by the cdc2c gene (Lehner and O'Farrell ( phenotype is sensitive to snr1 dosage as it is enhanced pupae exhibited significantly increased biomass at both in an snr1 null mutant background and suppressed by 18Њ (0.00177 g/fly; N ϭ 90) and 29Њ (0.00146 g/fly; N ϭ additional copies of the wild-type snr1 gene (Marenda 60) relative to wild-type (red,e) controls at either 18Њ et al. 2003) . Therefore, within the context of growth (0.00156 g/fly; N ϭ 130) or 29Њ (0.00136 g/fly; N ϭ 63). regulation, the snr1 E1 allele represents a loss-of-function Biomass differences were also significant when identical phenotype. Both body mass (milligrams per fly) and cell genotypes were compared at different growth temperanumber (cells per unit area; Table 3 ) were significantly tures. Following larval development, the time spent (P Ͻ 10 Ϫ4 ) greater among the snr1 E1 flies (Ϫ/Ϫ Ͼ ϩ/Ϫ) compared with parental (red,e) controls (Table 4) , sugprogressing through metamorphosis to adult emergence was identical between snr1 E1 and parental controls (data gesting that the snr1 E1 growth defect may be a consequence of increased cell division. A developmental delay not shown). Thus, the snr1 E1 growth defects coincide with the developmental delay. associated with snr1 E1 occurs during late larval growth, and there is significant early pupal stage lethality. To
To help determine the basis for the snr1 E1 growth phenotypes, we looked for dominant genetic interactions determine whether the growth defect was coincident with this developmental period, wild-type (red,e) and snr1
E1
(enhancement and suppression) between snr1 E1 and /ϩ were smaller, with reduced cell numbers ( Table 3 ). The homozygous DmcycE JP the area within the wing margins. Average cell number was scored by counting cells in a defined unit area of mutation and heterozygous Df(2L)cycE both resulted in significantly reduced body mass and cell number relathe wing, as each wing cell is known to secrete only one hair during development (Meyer et al. 2000) . Statistical tive to wild-type controls, consistent with diminished numbers of cells entering S phase. Heterozygous null comparisons were performed to determine the significance of any genetic interactions with snr1 E1 (Table 4) . alleles of cdc2c failed to exhibit any growth defects alone, although they did weakly suppress the snr1 E1 growth The snr1 E1 growth phenotypes were suppressed by reducing Brm complex activities (Table 3) , as a consequence phenotypes. Thus, reduced DmcycE/CDK2 function suppressed the growth defects associated with snr1 E1 , of either decreased complex formation using a brm amorphic mutation (brm 2 ) or the expression of a domisuggesting that the increased body mass and cell number were possibly related to increased S phases and nant-negative brm that allows the complex to form with a defective subunit, but has reduced ATPase activity sensitive to DmcycE/CDK2 levels. In mammals, cooperation between the Brg1/hBrm (brm
K804R
; Elfring et al. 1998) . Importantly, both types of alleles show comparable suppression of the snr1 E1 complex and HDAC activities has been associated with repression of both cyclinE and cyclinD expression and growth phenotypes, suggesting that brm K804R represents a true loss-of-function effect. Thus, similar to the vein controlling entry into S phase (Harbour and Dean 2000; Zhang et al. 2000 Zhang et al. , 2002 . Reducing Drosophila patterning defects (Marenda et al. 2003 (Marenda et al. , 2004 , the increased growth associated with snr1 E1 appears to be HDAC function with heterozygous null alleles of Hdac1/ Rpd3 or Hdac3 did not significantly impact overall body dependent on otherwise functional Brm complexes, suggesting that the SNR1 subunit may be critically imsize (cell growth/biomass) relative to wild-type controls; however, both mutants exhibited increased cell numportant for proper regulation of some Brm complex functions.
ber/unit area in the wing, which in the case of Hdac3 N also displayed increased wing size ( it did significantly enhance the increased cell number area) were somewhat higher in females harboring the DmcycD deficiency (446), compared to wild-type controls phenotype (Tables 3 and 4) . Thus, our genetic results suggest that while both Hdac1 and Hdac3 functions are (437), snr1 E1 /ϩ (424), or Df, snr1 E1 combinations (425). Thus, it appears that the snr1 E1 growth and proliferation important for proper Drosophila wing vein patterning in collaboration with the Brm complex, in our assays phenotypes may be sensitive to DmcycD levels. We next examined mutations in select genes that only Hdac3 appeared to be rate limiting for regulating cell proliferation in snr1 E1 larval wing disc cells. regulate subsequent cell cycle events, including replication and mitosis (Table 3) . Mutations in the dpa gene A duplication of the genomic region containing DmcycD carried on the Y chromosome dominantly enencoding an MCM-family chromatin binding protein and NTP-hydrolase involved in prereplication complex hanced the snr1 E1 growth (biomass) and proliferation phenotypes, but did not affect the overall wing size formation and disc proliferation typically exhibit reduced imaginal disc cell proliferation . (Table 3 ). Consistent with previous reports fects on cell growth, but not proliferation. A hypermorphic stg 9B allele when trans-heterozygous with snr1 E1 simisuggesting that DmcycD influences cell growth (size) but not overall cell proliferation  Meyer larly had no effect on cell number, but wing area and biomass were reduced. et al. 2000) , we found that cell counts (cells per unit (Meyer et al. 2000) , incubated with affinity-purified rabbit ␣-SNR1 and precipitated with protein-G Sepharose. E, 100 g extract; S, supernatant fraction (lane represents 20% of input protein extract); P, pellet fraction (lane represents 50% of co-immunoprecipitated proteins). Input extracts (E), supernatant (S), and pelleted (P) proteins were fractionated by SDS-PAGE and probed with antibodies to BRM, SNR1, DmcycE, MYC (recognizing DmCDK2-MYC), or a control protein (EAR; Zraly et al. 2002) . Antibodies to DmcycE recognize both type I and type II iso-
E1 affects cell division downstream of DmcycE forms. The SNR1 protein appears as a doublet ‫54ف(‬ and 47 and DmcycD. RT-PCR analysis of transcript accumulation in kD) when the embryonic yolk protein is not present (P). wild-type and snr1 E1 mutant pupae at 18Њ and 29Њ.
be related to misregulation of a limited set of DmcycE/ To better understand the molecular events surround-CDK2 or dE2F/dDP targets (Ishida et al. 2001) . Thus, ing the increased cell number phenotype associated with our data suggest that Brm complex activities help to snr1 E1 , we measured the expression of a set of genes restrict S-phase entry downstream of G 1 regulators, inimportant for cell cycle progression. As controls, snr1
cluding DmcycE and DmcycD. mRNA and protein levels were found to be unaffected A conserved region in SNR1 mediates contacts with in snr1 E1 mutants at either the restrictive (29Њ) or the DmcycE/CDK2: While DmcycE can be found in immupermissive (18Њ) temperatures (Figure 3 ; Marenda et noprecipitated Brm complexes, it was unknown whether al. 2003). Both DmcycE and DmcycD transcript accumulathe precipitated DmcycE was present as DmcycE/CDK2 tions were unaffected in snr1 E1 homozygous larvae or heterodimers and which Brm complex subunits were pupae at either 18Њ or 29Њ as measured by RT-PCR, important to facilitate these interactions (Brumby et al. and DmcycE protein levels remained unchanged (our 2002) . Embryonic extracts prepared from control or unpublished data). Other gene products important for transgenic flies overexpressing an MYC-tagged CDK2 cell cycle progression were largely unaffected, including (Meyer et al. 2000) were immunoprecipitated with antiRbf, DmcycA, DmcycB, DmcycC, dDP, esg, rux, Pol-␣, d-Myc, bodies to SNR1 (Figure 4 ). While BRM and DmcycE, wg, dpp, RNR2, and dE2F2 (Figure 3 ; our unpublished but not a control protein (EAR; Zraly et al. 2002) , data). Although dE2F1 and dDP transcripts were exwere found in SNR1 immunoprecipitates as expected pressed at essentially wild-type levels at both tempera- , only a portion of the overextures and the expression of several dE2F1/dDP target pressed CDK2-MYC was found in SNR1 immunoprecipigenes was unchanged, some genes required for the reptates. As CDK2-MYC is highly abundant in these extracts, lication (S) and mitotic (M) portions of the cell cycle the low efficiency of coprecipitation may result from a showed modest reductions in snr1 E1 mutants at both 18Њ large pool of CDK2-MYC that is not present in comand 29Њ, including string/cdc25 and dpa, suggesting that plexes with DmcycE, resulting in unstable interactions only a subset of genes involved in S or G 2 -M phase were with the Brm complex. It is not possible to perform affected. The expression of string did not appear to these experiments using extracts prepared from snr1 be reduced in a dominant-negative brm K804R background null flies, as the gene is essential, it is required for (data not shown), suggesting that the reduction associoogenesis , and SNR1is a core compoated with snr1 E1 was not a general consequence of renent of stable Brm complexes purified from embryos duced Brm complex ATP-dependent functions. While (Papoulas et al. 1998) . the snr1 E1 growth defects do not appear to be related The ability of SNR1 and INI1 to contact a variety of cellular factors together with strong interaction phenoto altered DmcycE or DmcycD expression per se, they may SNR1 Regulates Brm Complex Functions Figure 5 .-A conserved region within SNR1 mediates interactions with DmcycE/CDK2. Portions of SNR1 were fused to glutathione S-transferase (GST). Fusion proteins were solubilized, purified, and quantified as shown in the Coomassie-stained gel. Each fusion was bound to glutathione agarose and incubated with extracts from embryos expressing DmCDK2-MYC. Bound proteins were eluted and the presence of DmCDK2, DmcycE, and BRM was examined by Western blot. I, input protein.
types observed between snr1 E1 and DmcycE JP suggested used to help define the SNR1 residues important for interaction with CDK2 ( Figure 6 ). Drosophila CDK2 (cdc2c) that SNR1 might be important to assist or mediate contacts between the Brm complex and DmcycE/CDK2.
fused to the LexA DNA-binding domain (LexA-DB) was used as a bait to test for specific interactions with portions To test this possibility, portions of SNR1 were fused to glutathione S-transferase (GST) and in vivo pulldown of SNR1 fused to the B42 activation domain (B42-AD). The activation domain fusions were produced at compaexperiments were performed ( Figure 5 ). Equivalent amounts of solubilized GST:SNR1 fusions were immobirable levels following galactose induction and were stable as measured by Western blot using ␣-SNR1 antibody lized on glutathione agarose and incubated with embryonic extracts obtained from flies expressing CDK2-MYC. A monoclonal antibody to the MYC epitope identified CDK2 bound to the GST:SNR1 fusion, but not GST alone. Although CDK2 associated with full-length SNR1, the interaction was strongest between CDK2 and C-terminal SNR1 residues (aa 230-370) that include the Repeat 2 and putative coiled-coil regions. SNR1/CDK2 associations were somewhat reduced relative to full length by deletion of the coiled coil (aa 311-370), while minimal association was observed with N-terminal fusions. Importantly, although DmcycE was not overexpressed in these extracts, it was present in the SNR1/ CDK2 complexes with a similar pattern of binding affinity, suggesting that the observed interactions were not a consequence of excess CDK2. As a control, SNR1/ Brm complex binding was assayed using the same extracts and fusions, with BRM antibodies for detection. In contrast to SNR1/DmcycE/CDK2, BRM showed sig- (our unpublished data). Independent interaction rein early syncytial embryos to determine whether Brm complex associations with chromatin might be reguporters included growth on media lacking leucine and lacZ activity (Finley and Brent 1994) . Consistent with lated in the absence of G 1 and G 2 phases. Embryos (0-4 hr after egg laying) were collected, fixed, and immunothe results using GST:SNR1 fusions, CDK2 strongly interacted in both assays with the full-length SNR1 protein stained with ␣-SNR1 antibodies . SNR1 appeared to be tightly associated with nuclei at (aa 15-370). Stronger interactions were observed between CDK2 and SNR1 C-terminal residues (aa 240-370), the earliest stages ( Figure 7A ) and uniformly distributed in all cell nuclei along the embryonic AP axis through comparable with a control interaction ( Figure 6B ), while there was no detectable interaction with N-terminal resithe extended germ band stage (Figure 7 ; . However, SNR1 was associated with a subset dues (aa 15-240). The G256D substitution affects SNR1 E1 function, though not synthesis or stability of Brm comof nuclei in ‫%3-1ف‬ of precellular blastoderm embryos ( Figure 7B ). Fluorescent confocal imaging of SNR1 loplexes in vivo and exhibits modest temperature-dependent interaction with the Drosophila homeotic gene regucalization in similarly staged embryos showed that the protein was tightly associated with chromatin in the vast lator trithorax (TRX) in similar yeast assays (Marenda et al. 2003) . A full-length B42AD:SNR1(G256D) fusion was majority of nuclei. Occasionally, SNR1 appeared more diffuse in the cytosol and closer examination revealed tested in combination with LexA:CDK2 and displayed only modest reductions in lacZ activity compared with the wildthat the majority of chromosomes were in metaphase. In rare cases, both condensed and decondensed chrotype SNR1, although growth on media lacking leucine (Gal, ϪLeu) was not significantly affected at 30Њ. Thus, mosomes were observed within the same blastoderm embryo, and in those cases SNR1 was associated with our results suggest that residues within the C terminus of SNR1 may be capable of forming direct contacts with the decondensed chromosomes (Figure 7 , D-F). This suggests a possible coupling between global chromoDrosophila CDK2. In similar tests, we were unable to detect specific interactions between SNR1 and DmcycE some condensation and Brm complex localization in the absence of zygotic transcription and G 1 phases. (our unpublished observations).
Dissociation of the Brm complex from mitotic chromosomes: Early precellular blastoderm embryos are charac-DISCUSSION terized by a rapid ‫8ف(‬ min per cycle) series of synchronous S and M phases with no intervening G 1 or G 2 phases Our snr1 E1 conditional mutant displays wing patterning defects and increased mitotic growth at both the permis- (Edgar and O'Farrell 1989; Foe et al. 1993; and DmcycE/CDK2 is required to drive progressive (18Њ) and the restrictive (29Њ) temperatures. The mutant phenotypes are sensitive to both temperature of sion through S phase (Lehner and Lane 1997) . Previously, it was shown that BRM and BAP111 (Brm complex incubation and snr1 gene dosage, indicating that they specifically result from reduced or compromised SNR1 components) dissociate from metaphase chromosomes in late embryos (Papoulas et al. 2001 ) and the Brm comfunction, rather than from complete disruption of Brm complex activities (Marenda et al. 2003; Zraly et al. plex is important for regulating S phases in eye imaginal discs (Staehling-Hampton et al. 1999; Brumby et al. 2003) . In contrast to the use of null alleles that may reduce total complex number by half, snr1 E1 produces 2002). We therefore used immunolocalizations of SNR1 a stable protein that is assembled into Brm complexes for important regulatory kinase functions during portions of the cell cycle. at both temperatures, thus allowing complexes to form
We found that CDK2 is capable of forming contacts and bind their targets, but then are defective in some with SNR1 through the Repeat 2 and coiled-coil regions. other function of the complex. This point is critical for What might be the importance of the SNR1-CDK2 interour studies, as there are significantly different effects action? SNR1 and INI1 do not contain any obvious CDK2 resulting from complete loss of functional Brm comphosphorylation sites (Boulikas 1995; Adams et al. 1996 ; plexes or activities as contrasted with impaired functions Lacy and Whyte 1997; Kwon and Nordin 1998; Adams that result from the incorporation of defective subunits.
et al. 1999) and SNR1 does not appear to be a phosphoTo help understand the functional roles of SNR1 within protein, as assays using a variety of general protein phosthe conserved Brm ATP-dependent chromatin remodelphatases produced no detectable change in SNR1 electroing complex during metazoan development, we have phoretic migration on SDS-PAGE gels (our unpublished taken advantage of these dosage-and temperature-dependata). This may be misleading, as other putative phosdent snr1 E1 phenotypes, as well as the brm K804R dominantphoproteins, including Drosophila RBF, do not change negative, both of which result in the incorporation of electrophoretic mobility when treated with phosphatases defective subunits.
( Du et al. 1996) . However, yeast SFH1p found in the In this report, we have shown that snr1 can genetically SWI/SNF-related RSC complex and a close relative of interact with a subset of genes involved in cell cycle control.
SNR1/INI1/SNF5 appears to be phosphorylated during In addition, co-immunoprecipitation of DmcycE/CDK2 G 1 phase (Cao et al. 1997) . Thus, while SNR1 does not and the Brm complex indicated that stable complexes appear to be the likely direct target for DmcycE/CDK2 could form in vivo, while both GST-pulldown and yeast regulation, our genetic results suggest the possibility that two-hybrid studies suggested that residues within SNR1 contacts between SNR1 and CDK2 may serve to stabilize might help mediate or stabilize these contacts. SNR1 is or regulate interactions between DmcycE/CDK2 and the strongly conserved with counterparts in yeast (SNF5) and Brm complex or help to direct kinase activity, targeted mammals (INI1). The most conserved portions among either to other components of the Brm complex or to SNR1-related proteins occur within the ‫-002ف‬amino-acid unknown cellular proteins ; Sif C-terminal region comprising two imperfect repeats and et al. 1998; ). a coiled coil. The repeat regions are important for conHow might interactions between the Brm chromatin tacts with a variety of cellular factors, including Drosophremodeling complex and DmcycE/CDK2 contribute to ila Bicoid, the HOX gene regulators TRX and HRX/ appropriate cell cycle regulation? A growing body of MLL (Rozenblatt Rosen et al. 1998; Marenda et al. evidence strongly suggests that ATP-dependent chroma-2003), c-MYC (Takayama et al. 2000) , and Epstein Barr tin remodeling complexes perform essential functions NA2 (Wu et al. 1996; Cheng et al. 1999) as well as in controlling normal mitotic cell cycles (Harbour and the viral-encoded proteins HIV integrase and HPV E1 Dean 2000; Neely and Workman 2002). For example, (Kalpana et al. 1994; Lee et al. 1999) . In addition, yeast the SWI/SNF complex is important for the expression SNF5 is involved in direct associations with the GAL4 of mitotic genes and DNA replication in yeast (Flanatranscriptional activator . Our recent gan and Peterson 1999; Krebs et al. 1999) . In mammals, results have shown that contacts with conserved features the Brm-related complexes functionally interact with hisof SNR1 were important for recruiting or modulating tone deacetylases and pRB to block entry into S phase Drosophila Brm complex functions in vivo (Marenda (Dunaief et al. 1994; Strober et al. 1996; Muchardt et al. 2003) . The SNR1/DmCDK2 interaction may also and Yaniv 1999; Strobeck et al. 2000; Zhang et al. be an important conserved feature, as we observed simi -2000) . As a consequence of losing or misregulating chrolar contacts between SNR1 C-terminal residues and matin remodeling activities, normal cell cycle control mammalian CDK2 using yeast two-hybrid assays (our is disrupted. Specifically, loss of INI1 is associated with unpublished data).
aggressive cancers, leads to the rapid development of Integration of Brm complex functions with developtumors in knockout mice (Roberts et al. 2002) , and mental and cell cycle signals: Components of the mamresults in G 1 -specific defects (Ae et al. 2002) . Further, malian Brm complexes, including the hBrm/BRG-1 and overexpression of Cyclin E can abrogate cell cycle arrest BAF155 (MOR) subunits, are phosphorylated prior to the caused by the introduction of BRG1 into SW13 adenoonset of mitosis and this modification may be important carcinoma cells . for restricting or modulating complex activity (Muchardt The requirements for ATP-dependent chromatin reet al. 1996; Sif et al. 1998) . However, the cell cycle kinase modeling activities during the cell cycle are likely to be involved and specific target residues within Brm comquite complex, perhaps involving known functions in plex components have not been identified. On the basis controlling gene transcription (activation and represof work from cultured mammalian cells (Shanahan et sion) and/or regulating aspects of chromosome replicaal. 1999) and our results (this study ; Brumby et al. 2002) , tion. In cultured mammalian cells, INI1 was shown to repress cyclinD1 transcription in G 1 phase through colCycE/CDK2 appears to be among the likely candidates proteins involved in potentially recruiting the Brm complex to specific loci involved in replication initiation are not presently known, but may include transcription factors, such as RBF/E2F or ORC our unpublished data) . Recruitment of CycE/CDK2 to replication origins (Furstenthal et al. 2001) and interaction with SNR1 might then allow for inactivation of Brm activity and release of the complex from chromatin through phosphorylation of specific subunits. The SNR1 E1 mutant protein likely compromises one or more of these interactions, reducing the effective recruitment of the Brm complex to targets that are normally repressed by Brm complex activities. This could possibly lead to compromised S-phase restriction, partly relieving the While the molecular mechanisms or targets for Brm (this study) or transcriptional repressor proteins bound to regulation of the cell cycle remain largely unresolved, specific chromatin sites (Marenda et al. 2004 complex cannot be recruited to specific loci or appropriately function in chromatin remodeling, then not only could it bypass strict requirements for DmcycE function laboration with HDAC1 (Ae et al. 2002; Versteege et al. 2002; Zhang et al. 2002; Reincke et al. 2003) . Unlike at promoting S-phase entry, but also it could similarly suppress the enhanced growth functions associated with mammalian cyclinD, Drosophila DmcycD is not required for entry into S phase, but has been proposed to funcsnr1
E1
. This interpretation is consistent with the Brm complex acting in parallel with RBF tion during G 1 to regulate cell growth Meyer et al. 2000) . While our snr1 E1 mutant phenoand findings that brm and mor reductions enhanced the overexpression phenotypes of dE2F/dDP in developing types are sensitive to Cyclin D levels, the expression of DmcycD is unaffected in our mutant, consistent with our eye discs (Staehling-Hampton et al. 1999) . While the expression of some late dE2F1/dDP targets are reduced view that the snr1 E1 growth defects are likely due to misregulation of genes downstream of DmcycE, possibly involvin snr1
, G 1 -S-phase regulators including DmcycE are unaffected. Factors that act at chromosomal loci to affect repliing targets of E2F regulation.
In addition to demonstrating Brm complex regulation cation timing or specificity, such as ORC2, ORC5 (Loupart et al. 2000; Pflumm and Botchan 2001) , dE2F1/dDP of gene expression during the S and G 2 phases, our results also suggest RNA PolII-independent roles in restricting (Cayirlioglu and Duronio 2001), DmMyb (Beall et al. 2002) , or nonhistone chromosomal proteins such as S-phase entry. For example, SNR1 is excluded from mitotic chromatin during the early embryonic nuclear divisions HP1 (Nielsen et al. 2002) , may therefore collaborate with the Brm complex to modify chromatin in a cell in the absence of zygotic transcription or G 1 -G 2 phases. During these early divisions, type II DmcycE is a potent cycle-dependent manner. It is interesting to note that E2F1/DP is important for localizing the origin recogniinducer of S phase (Crack et al. 2002) and this form exhibits strong in vivo associations with SNR1. One scetion complex to assist in activating replication (Bosco et al. 2001) . Mounting evidence has, in fact, linked ATP nario is that the Brm complex is recruited to specific chromosomal sites by sequence-specific repressors where hydrolysis and early replication events (Lee and Bell 2000) . The Brm complex also functions coordinately the complex might act to stabilize binding of the repressor and/or remodel nucleosomes in an ATP-dependent with the chromatin assembly factor ASF1 that may help to target the complex to newly replicated and assembled manner, thereby establishing a repressive environment to restrict replication initiation (Figure 8 ). The cellular chromatin in S phase (Moshkin et al. 2002) , and assist in the transcription of S-phase-specific genes (Sutton wing vein and abdominal defects (Elfring et al. 1998; Collins et al. 1999; Papoulas et al. 2001; Zraly et al. et al. 2001) .
Reduced expression of some cell cycle genes in an 2003), suggesting important functions of the complex in both gene activation and repression. Moreover, snr1 snr1 E1 mutant suggests that the Brm complex may be important for DmcycE/CDK2 or dE2F-dependent gene can genetically function as a suppressor of variegation (PEV), suggesting possible direct roles in restricting regulation. Targets of Brm complex activity may include dpa and stg, which are important for S-and G 2 -M-phase gene expression through chromatin effects . While little is known about the individual events. Both the dpa and the stg transcripts are reduced in snr1
, and mutations in both genes dominantly ensubunit roles or specific functional relationships among Brm complex subunits, our results suggest that SNR1 can hance the growth phenotypes of snr1
. However, while reduced stg affects only cell size and not cell number, serve under certain circumstances to constrain Brm complex activities at in vivo targets. In support of this view, a dpa affects the growth and proliferation phenotypes of snr1
. The DPA protein is a member of the MCM family mutation that disrupts the Brm-associated ATPase activity (Brm K804R ) without affecting complex assembly or stabilof replication licensing factors (MCM4), with intrinsic DNA-dependent ATPase and helicase activities and is a ity not only results in reduced growth (our results; Elfring et al. 1998) , but also suppresses the snr1 E1 mistable component of prereplication complexes Su et al. 1996) . As phosphorylation of the totic and wing phenotypes. Thus, it may be that the increased growth associated with snr1 E1 (and possibly mammalian hBrm complex is associated with entry into M phase, one possibility is that the fly complex directly INI1-associated tumors) is a consequence of misregulated Brm complex ATPase-dependent activities. HDACs are or indirectly restricts expression of dpa and string through collaboration with RBF and HDAC. In this scenario, important for gene silencing, including critical roles in regulating genes required for cell cycle progression DmcycE/CDK2 would be important to promote cell cycle progression and subsequent transcriptional program (Harbour and Dean 2000; Zhang et al. 2000 Zhang et al. , 2002 . There are four identified HDAC genes in Drosophila, with through interactions with the Brm complex, perhaps mediated or stabilized by contacts with the SNR1 subrpd3 most similar to Hdac1. While Hdac mutants showed only modest effects on the snr1 E1 growth phenotype, both unit. It is also plausible, perhaps quite likely, that the Brm complex might be targeted by another cyclin-cdk Hdac1/rpd3 and Hdac3 mutations significantly enhanced the snr1 E1 ectopic wing veins. These interactions were supcomplex at the G 2 -M transition.
The SNR1 subunit helps to constrain Brm complex pressed by reducing Brm function, supporting our view that SNR1 may assist in gene repression through restraints activities The mammalian homolog of the snr1 gene, INI1/hSNF5, has been directly linked to the majority of on Brm complex chromatin remodeling activities. childhood aggressive rhabdoid tumors (MRT; Versteege tion of pRB (Betz et al. 2002; Oruetxebarria et al. 2004 ).
Adams, P. D., X. Li, W. R. Sellers, K. B. Baker, X. Leng et al., 1999 Thus INI1/hSNF5 and, by analogy, snr1 may be formally 
